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Abstract
Hydrothermal carbonization (HTC) has become a promising technology for the production of hydrochar and carbon spheres.
Several studies indicate a strong dependency of the reaction conditions on the sphere diameter. The usage of additives, such
as salts, is one possibility to increase the size of the spheres. However, the growth mechanism which leads to larger particles
is not fully understood. In this work, kinetic studies of HTC with fructose were performed with different salts as additives.
The growth of the particles (the increase in size) has been compared to the formation rates (increase in yield) of hydrochar
by using the reaction rate constants from the kinetic model. The results indicate that the acceleration of the growth rate is
independent of the formation rate. It is therefore assumed that coagulation, as a growth mechanism, took place. With longer
reaction times, the particles reached a stable particle size, independently from the added salts; therefore, it was assumed
that the particles underwent some sort of solidification. The state of matter can therefore be described as an intermediate
state between liquid and solid, similar to mesophase pitch. Experiments with a stirrer resulted in squashed particles, which
supports the model, that the particles exhibit emulsion-like behavior.

Keywords Bioeconomy · Carbon spheres · Hydrothermal carbonization · Kinetic model

1 Introduction

1.1 Motivation

The challenge of transforming a fossil-based economy
into a circular bioeconomy requires smart technologies,
which are environmentally friendly and competitive on the
market. In this context hydrothermal carbonization (HTC)
is frequently discussed as a wet carbonization technology
[1, 2]. One important approach is using HTC of biomass
as a pretreatment to produce carbon microspheres, or
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so-called hydrochar, which can be converted into hard
carbons for advanced applications, particularly utilization
as anode material in lithium- or sodium-ion batteries [3–
6]. A major potential of using HTC lays within the ability
to tailor a desired morphology of spherical particles. Given
this result, an examination of the formation and growth
mechanism worths further attention. In this article, the
term formation refers to the emergence of the hydrochar
particles, independently from their geometric properties.
The formation rate will be determined by the reaction rate
constants of a kinetic model described in Section 2.5. In
contrast, growth refers to the increase in particle size, which
will be analyzed by SEM pictures. For the sake of reducing
complexity, the reaction system starting from fructose will
be studied. This is because fructose can be converted to
HMF, which plays an important role during the formation of
solid hydrochar particles during HTC.

1.2 Background

Regarding the formation mechanism of hydrochar: Patil
et al. provided two fundamental studies that highlight the
key role of hydroxymethylfurfural (HMF) in the forma-
tion of humins, a solid by-product during the hydrothermal
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conversion of monosaccharides [7, 8]. Kinetic studies
showed that this concept is also valid at elevated tempera-
tures (up to 210 ◦C) [9–11]; therefore, it can be assumed that
humins are precursors of hydrochar. However, other sub-
stances, such as levulinic acid (LA) and formic acid (FA),
are also likely to participate in the formation of hydrochar
to a lower extent [12–14]. Recently, Shi et al. published two
studies arguing that alpha-carbonyl aldehydes are the key-
functional group driving the formation of humins [15, 16].
In summary, it can be said that aldol-condensation reactions
initially form oligomeric structures, which further precip-
itate and agglomerate to form spherical particles [17]. In
the HTC literature, those particles are often referred to as
secondary char [18], as they form via dissolved intermedi-
ates, in contrast, the term primary char refers to particles,
which are the result of a solid-to-solid conversion pathway.
The sum of both is called hydrochar; obviously, primary
char cannot be formed when (dissolved) fructose is the feed-
stock; therefore, the terms secondary char and hydrochar are
regarded as the same in this article.

The discussion about the growth mechanisms of carbon
spheres is an ongoing debate. Whereas many studies are
focused on the formation of the particles without additives
[19–23], others make use of different kinds of additives,
such as acids, bases, or salts [24–27], during the synthesis
of the particles. There are several examples in which the
usage of an additive results in remarkable larger particles
[9, 28–34]. Based on this observation, it is interesting to
use additives as a tool to control the size of the particles.
However, more knowledge is necessary to understand the
mechanism by which the additives trigger the growth of
the particles. To the best of our knowledge, the literature
contains two hypotheses explaining the phenomenon:

(1) It is assumed that the additives have a catalytic impact
on the reaction system, and therefore accelerate the
polymerization and polycondensation reactions that
form the particles, which further increases the size of
the particles [28–31, 35]. It has to be noted that the
authors used this hypothesis (1) to explain their results,
but did not confirm it based on their results.

(2) Another way of explaining the effect of additives on
the particle growth [9, 32, 33] is founded on the
DLVO (Derjaguin, Landau, Evert, Overbeek) theory.
According to this, the additive, acting as an electrolyte,
neutralizes the surface of the spheres, which decreases
repulsive forces between the particles. In consequence,
coalescence (the merging of two spheres) is acceler-
ated and spheres become significantly larger than their
references.

The second hypothesis seems somehow counter-intuitive
as hydrochar is solid under standard conditions, therefore
coalescence is not possible. To allow for this process, the

particles have to behave similarly to droplets in emulsions.
Due to technical limitations, it is difficult to provide
indisputable evidence for this hypothesis during HTC. Until
now nobody provided video footage of two merging carbon
spheres after a collision under hydrothermal conditions.
The observations of this process would undoubtedly prove
the droplet-like properties of the particles. Until now only
indirect methods can deliver hints in favor or against a
certain conception. This is usually done by stopping the
reaction through quenching, separating solid and liquid
phase, and investigating a dried sample of the carbon
spheres. But what are the arguments in favor of coagulation
of emulsion-like droplets? A first hint can be found in
scanning-electron-microscopy (SEM) of different carbon
spheres, displaying them in a state of partial coagulation,
where two or more spheres have started merging without
completing it [9, 29, 36–38]. Additionally, in a previous
publication it has been observed that the growth of the
spheres continued after the conversion of the main building
block of the spheres (HMF); thus, coalescence very likely
took place [9].

1.3 Objective

The purpose of this study is to investigate the formation
and growth of carbon spheres under the influence of three
different chloride salts, representing the additives. The
aim is to compare a kinetic model with the growth of
the particles, to evaluate which of the above-mentioned
hypothesis is suitable to explain the results. Furthermore,
if hypothesis 2 is true, and the particles exhibit emulsion-
like properties they are likely to be vulnerable to mechanical
stress. Therefore carbon spheres were produced with and
without reactor stirring. The authors expect crushing and
smearing of the carbon spheres by the stirrer, and therefore
another hint that confirms their emulsion state of matter.

2Material andmethods

2.1 Materials

Fructose and calcium chloride (CaCl2) (dihydrate) were
purchased from VWR Chemicals, iron(III) chloride (FeCl3)
(hexahydrate) from Sigma-Aldrich, and potassium chloride
(KCl) from Merck. In order to get different properties of
the salts, an alkali, an alkaline earth and a transition metal
chloride is used.

2.2 Hydrothermal carbonization without stirring

The experiments were carried out in 12-ml micro-autoclaves,
which were filled with 8.54 g of 0.5 M fructose solution.
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Either KCl, CaCl2 or FeCl3 was added to the solution
with a concentration of 0.025 M. Additionally experiments
with KCl were performed with 0.1 M, giving a solution
with the same ionic strength as CaCl2 with 0.025 M. The
ionic strength was calculated by using only the positive
charged ions [39]. In total 5 autoclaves were put on a
rack and heated in the oven chamber of a disused gas
chromatograph to 200 ◦C. Prior to the experiment the
heating time was measured with an autoclave that carries a
thermocouple and takes approximately 24 min. Therefore,
after 24 min of heating, the first autoclave was quenched,
corresponding to the reaction time of 0 min. In the
beginning, the reactors were quenched in 5-min intervals
followed by larger intervals. The reactors were quenched
in water at 20 ◦C. After quenching the autoclaves were
opened, the slurry was filtrated via vacuum filtration to
separate solid and liquid. An aliquot of the liquid was taken
and afterwards, the autoclaves were rinsed with distilled
water to collect the entire solid fraction. The solid was
washed with approximately 100 ml of distilled water and
dried at 105 ◦C overnight and weighted. The yield has been
calculated gravimetrically.

2.2.1 Reproducibility

Prior to the experiments, the reproducibility of the auto-
claves was tested. Five autoclaves were tested with identical
conditions (T = 200 ◦C, t = 120 min), the hydrochar yield
was 33.4 ± 0.4 wt.%. Experience from pre-trials showed
that the repetition of an experiment in most cases resulted in
a deviation lower than 1 wt.% for the yield, for this reason,
the experiments were only performed once.

2.2.2 Experimental error

The error of the hydrochar and HMF concentration has
been calculated based on an uncertainty of the reaction
time of ± 10 s (horizontal error). The corresponding error
was computed by calculating the concentration of the two
species at a given time point and 5 s later using the kinetic
model presented in Section 2.5. The difference between
both values was doubled to calculate the error. Between 0
and 30 min of reaction time, the error was between 2 and
5%; between 30 and 180 min, the error was ≤ 0.5%. The
uncertainty related to the reaction temperature is ± 1 ◦C,
however, an estimation of the error was not possible because
only one reaction temperature was used. The yield of the
hydrochar shows a slight error from the model line, which is
not present for the HMF concentration (Fig. 2). This is due
to losses during the rinsing of the reactor and the filtration
of the slurry after quenching. It has been assumed that the
uncertainty from this procedure is a maximum of 0.01 g,
resulting in an error of 2.2% of the hydrochar yield.

2.3 Hydrothermal carbonization with stirring

Hydrothermal carbonization experiments with a stirring
reactor were performed in a 0.45-l stainless steel autoclave
with an external magnetic stirrer (Buchi Glassuster Limbo
model). The temperature of the reactor was controlled by
a jacket which consisted of a heating and water-cooling
system with PID controller. In a typical run, 150 mL of
0.5 M fructose solution with 0.025 M salts (CaCl2 and
FeCl3) was loaded into the reactor and the reactor was
purged with nitrogen (N2) gas. The jacket was heated at a
rate of 10 ◦C/min to desired reactor temperature (200 ◦C)
and held at that temperature for 60 min. The reactor was
stirred at a constant speed of 100 rpm during HTC run.
The agitator type was an anker (Fig. 1). For pure water, the
system is characterized by the numbers in Table 1. After
60 min, the reactor was cooled down until it reached room
temperature. Hydrochar was recovered from the reactor
residue by vacuum filtration. Hydrochar was then dried
overnight at 105 ◦C. It has to be noted that experimental
results produced by stirring were not subject of kinetic
modeling, but only evaluated regarding the morphology of
the hydrochar particles.

2.4 Analytics

2.4.1 Carbon content

The carbon content of the solid was determined with an
Elemental Analyzer (Euro EA-CHNSO) from Hekatech by
dynamic, spontaneous combustion and subsequent chro-
matographic separation.

Fig. 1 Sketch of the agitator in the reactor with relevant dimensions
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Table 1 Properties of the
mixing system Property Sign Value Unit Equation Source

Diameter reactor D 0.066 m

Diameter of agitator d 0.046 m

Stirring rate n 1.67 s−1

Density* ρ 865 kg m−3 From table [40]

Kinematic viscosity* v 1.56E−07 m2 s−1 From table [40]

Reynold number Re 2.3E+04 (-) Re = nd2/v [41]

Circumferential speed w 0.241 m s−1 w=π d n [41]

Newton number Ne 0.35 (-) From table [42]

Power requirement P 2.9E−04 W P=Ne ρ n3 d5 [41]

Force at the agitator F 1.2E−03 N F=P/w [41]

*Of water at 200 ◦C

2.4.2 Liquid phase

HPLC analysis is carried out using a Shimadzu Prominence
System equipped with a refractive index detector and a
BioRad Aminex HPX-87H column (300 × 7.8 mm I.D.).
The measurements are performed isocratically with 4 mM
aqueous sulfuric acid (H2SO4) at a flow rate of 0.6 mL/min
and an oven temperature of 35 ◦C. The salt concentration
was determined by measuring the concentration of potas-
sium, calcium and iron with ICP-OES (Agilent 715) by
injection of a diluted sample 1:10 v/v with 1% HNO3.

2.4.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed with a
GeminiSEM 500 from Zeiss (software: SmartSEM Version
6.01) with a thermal Schottky field emitter cathode. The
variable pressure system allows pressures down to 500 Pa
which is applied in the case of non-conductive samples. The
pictures here were recorded with an Everhart-Thornley (SE)
detector and a variable pressure secondary electrons (VPSE)
detector. The acceleration voltage was set between 0.7 and
3 keV.

2.4.4 Determination of particle size

The diameter of the carbon spheres was measured based
on the SEM pictures using the software ImageJ distribution
Fiji. In the case of merged spheres, the spherical subunits
were measured, as far as the spherical shape was identifiable.
Depending on the resolution and the size of the particles the
diameter of approximately 100–650 particles was measured.

2.5 Kinetic model

The reaction network has been modeled by a kinetic model,
which is represented in Fig. 2. It consists of the main

reactions that are recognized for the hydrothermal con-
version of fructose, such as the isomerization to glucose
[43] and the dehydration to HMF [44]. The reverse reaction
from glucose to fructose was neglected because the opti-
mization tool in MATLAB (Section 2.6) fitted the cor-
responding reaction rate constant to 0 in all cases. The
reaction pathway from fructose to furfural is scientifically
recognized but has not been investigated deeply since it is
of minor quantitative relevance [45]. Fusaro et al. describe a
reaction pathway that forms furfural besides from formalde-
hyde [46]. The formation of formaldehyde from fructose is
also poorly described, however formic acid (FA) is known
to appear in a higher molecular ratio than 1:1 compared to
levulinic acid (LA) [47], which means that there is at least a
second source besides from the rehydration of HMF (reac-
tion k6). For this reason, it was assumed the surplus of FA is
related to the formation of furfural.

The “Residue” is the sum of all substances, which were
not measured, and was calculated on a molar carbon-balance.
For that, the total carbon concentration for all the chemical
species in Fig. 2 was subtracted from the initial amount of
carbon. The molar carbon concentration was calculated by
multiplying the molar concentration of the species times the

Fig. 2 Schematic representation of kinetic model. HMF, hydrox-
ymethylfurfural. FA, formic acid; LA, levulinic acid
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number of carbon atoms in the corresponding species. This
kind of connection to form “Residue” is appropriate since its
precursor all consist of C6 molecules. The reaction network
was implemented in a system of differential equations
(SDE) (Eq. 1–8).

d[Fructose]
dt

= −(k1 + k2 + k3 + k4)[Fructose] (1)

d[Glucose]
dt

= k3[Fructose] − k9[Glucose] (2)

d[HMF]
dt

= k1[Fructose]−k5[HMF]− (k6+k7)[HMF] (3)

d[Hydrochar]
dt

= k5[HMF] + k8[Furfural]
+k10[Residue] (4)

d[FA]
dt

= k2[Fructose] + k6[HMF ] (5)

d[LA]
dt

= k6[HMF ] (6)

d[Furf ural]
dt

= k2[Fructose] − k8[Furf ural] (7)

d[Residue]
dt

= −k4[Fructose] + k7[HMF] + k9[Glucose]
−k10[Residue] (8)

The hydrochar yield, which was gravimetrically mea-
sured, is transformed into molar concentration (mol L−1)
using the molecular weight of 108.1 g mol −1[9]. This is
derived by the simplified stoichiometry for hydrochar for-
mation displayed in Eq. 9. It is assumed that the major
fraction of hydrochar is produced by the polycondensation
of HMF [7]. As a consequence every reaction of HMF with
itself splits off one water molecule. This means that for
larger oligomers, the amount of eliminated water molecules
is approximately equal to the amount of HMF molecules
that formed the oligomer, thus allowing for the approxima-
tion given in Eq. 10. The model therefore assumes that one
hydrochar-unit has the molecular weight of 108.1 g mol−1,
although the total hydrochar particle has a higher molecular
weight. Equation 10 displays the molecular weight of HMF,
a hydrochar-unit and H2O, respectively in line with Eq. 9.

n HMF → Hydrochar + (n − 1) H2O (9)

126.1 g mol−1 = 108.1 g mol−1 + 18 g mol−1 (10)

The concept has been used successfully for the kinetic
modeling of HTC in previous publications [9–11]. The
reaction of HMF to hydrochar has been modeled as a first-
order reaction, although an order between 1 and 2 has to

be expected [11]. For the sake of simplicity, this aspect
has been neglected, as the cited publication shows that the
reaction order is not a constant value, but varies between 1
and 2 depending of the concentration and reaction time.

2.6 Calculation procedure

The calculation of the kinetic parameters was done with
MATLAB R2020a. The SDE were numerically integrated
with ode45 using the concentration of all substances at t =
0 min. The kinetic constants were adjusted using lsqnonlin
from the Optimization Toolbox.

3 Results

The first section of the results deals with the morphological
aspects of the hydrochar particles. In Fig. 3, SEM pictures
display the particles right after the heating phase of the
reaction t = 0 min. Especially, hydrochar produced in the
presence of KCl appears smaller than those produced in the
presence of CaCl2 and FeCl3. In comparison to this early
stage, it can be shown that this difference is almost not
visible anymore 180 min later (Fig. 4). Based on those SEM
pictures the sphere diameter of the particles was measured
to estimate the mean diameter for the samples. The plot of
the sphere diameter as a function of reaction time is given
in Fig. 5. The y-axis of the figures is given on a logarithmic
scale, allowing for a full and lucid representation of the
results. This distribution function right to the Box-plots
is based on a log-transformed normal distribution, which
was more accurate in representing the data than a normal
distribution. For both KCl samples and the CaCl2 it can
be shown that at the beginning of the reaction at t =
0 min, the spheres are remarkably smaller compared to
the time points 20–180 min, and vary between 0.5 μm
and few micrometers. Only for FeCl3 the first time point
displays rather large particles, which are in the same order
of magnitude as the following. In total it can be said that the
overwhelming majority of the spheres is in a range between
1 and 10 μm. However, the longer the reaction takes place,
the higher is the chance for the emergence of very large
particles with diameter > 20 μm.

In Fig. 6, the sphere diameter at t =0 min is represented
as a function of the salts, which is a double-representation of
the results in Fig. 5. However, it is important for the discus-
sion, to highlight the differences between the samples, espe-
cially at the beginning of the reaction. Both KCl samples
show remarkable differences, whereas KCl at 0.1 M and
CaCl2, both having the same ionic strength, are rather sim-
ilar. The particles produced in the presence of FeCl3 have
the largest diameter compared to the other variants.
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Fig. 3 SEM pictures of carbon
spheres at t = 0 min for four
different salts. Magnification:
× 1000

3.1 Carbon content of hydrochars

The carbon content of the hydrochars is displayed in
Table 2. Two samples for each series of experiments have
been chosen, one at the early stage of the reaction and one at
the end. The carbon content is in a range between 64.8 and
67.9%.

3.2 Kinetic model

The results from the kinetic model are represented by the
reaction rate constants in Table 3 and the model lines in the
concentration-time plot in Fig. 7. Because the conversion
of fructose mainly takes place during the heating phase,
which is not covered by the kinetic model, the rate constants

Fig. 4 SEM pictures of carbon
spheres at t = 180 min for four
different salts. Magnification:
× 1000
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Fig. 5 Box-plot of the sphere diameter measured at different time
points for four different salts. The height of the box-plot displays the
lower 25 and upper 75 percentiles. The little square shows the mean
value. The horizontal line in the box shows the median. The upper

and lower boundaries outside of the box display the standard devia-
tion. Right to the box-plot a log-transformed normal distribution of the
particle diameter is displayed

k1–k4 are expected to have a high error and are therefore not
reliable. Furthermore, for the FeCl3 experiments fructose
could not be detected in the process water, therefore the rate
constants were not calculated. The most important values
are k5 and k6, representing the major reactions of HMF to
hydrochar and LA+FA, respectively. Those values can be
expected to have the highest degree of accuracy since the
concentration of the substance is significantly high enough
so that the relative error is smaller. The rate constants (k5)
for both KCl experiments have little difference, similar to
CaCl2 where they are slightly higher. In the presence of
FeCl3 the rate constant k5 is remarkably higher, which is
also visible in concentration-time curve of HMF in Fig. 7.
The parallel reaction of HMF to LA+FA is in the case of
KCl and CaCl2 slower than the reaction HMF to hydrochar,
which is the opposite for the FeCl3 experiments.

3.3 Comparison of formation rate and particle size

To allow for a better comparison of the growth kinetics
of the spheres under different conditions the mean sphere
diameter is plotted against time in Fig. 8. The results of a
previous publication, which were produced with the same
equipment and conditions but without the use of salts are
displayed as reference [9]. With this representation it can
be highlighted that added salts remarkably accelerate the
growth of the particles compared to neutral (without salts)
conditions, and that after 20 min of reaction almost no
differences can be distinguished between the variants. The
figure additionally includes the reaction rate constant for
the formation of hydrochar from HMF (k5) right to the
last measured point of a variant. By displaying the values
in this figure comparison of growth and formation rates
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Fig. 6 Box-plot of the sphere diameter measured at t = 0 min for
four different salts. shows the mean value. The height of the box-plot
displays the lower 25 and upper 75 percentiles. The horizontal line in
the box shows the median. The upper and lower boundaries outside of
the box display the standard deviation

becomes more intuitive. Remarkably, the variant without
salts (w/o) has almost the same reaction rate constant as the
KCl variants, although their particle size differs remarkably.
On the other side, FeCl3 increased the reaction rate constant,
however without affecting the final size of the particles,
compared to the other salts.

3.4 ICP-OES analysis of liquid samples

After quenching the reactor, the salt concentration was
measured in the process water. The recovery rate based
on the initial concentration is displayed in Table 4. It can
be observed that despite the formation of hydrochar in
course of the reaction the concentration of salts remains
rather constant at approximately 100% recovery. The salts

Table 2 Carbon content of selected hydrochars

Salt Reaction time C-content (%) SD

KCl (0.025 M) 20 min 64.8 4.36

KCl (0.025 M) 180 min 65.1 4.41

KCl (0.1 M) 30 min 67.9 1.52

KCl (0.1 M) 180 min 66.9 0.06

CaCl2 20 min 65.3 0.46

CaCl2 180 min 66.9 0.13

FeCl3 20 min 65.0 0.06

FeCl3 180 min 65.8 0.03

The values represent the mean value out of two measurements. SD,
standard deviation

are therefore not significantly incorporated into the solid
particles.

3.5 Effect of reactor stirring on themorphology

Stirring the reactor did remarkably changed the morphology
of the carbon spheres. While the non-stirred experiments
resulted in an exhaustive spherical morphology, the stirred
samples show a strongly disrupted morphology with very
large merged agglomerates. In Fig. 9a, it can be observed
that despite the formation of large agglomerates small
carbon spheres are present in the bulk. Figure 9b shows a
large bulk of hydrochar with a size of approx. 220 µm with
a few spherical-shaped particles on the surface. In Fig. 9c,
a large stretched particle with a length of approx. 100 µm
covered with a few spheres can be observed. A large bulk of
hydrochar can be observed on top of Fig. 9d with diameter
of approx. 110 μm, on the bottom a similar shaped stretched
in as is Fig. 9c can be observed with a length of approx.
300 µm. Hydrochar particles that were produced while the
reactor was stirred display more deviation from an ideal
spherical shape as non-stirred hydorchars. Additionally, the
particles agglomerate in huge bulks.

3.6 Qualitative analysis of morphology

The above-performed evaluation is mainly founded on the
mean particle size, which probably creates the impression
that the morphology of the particles consists of ideal-shaped
spheres. However, quite the opposite is the case. To give
a more balanced overview, the particles were further eval-
uated following the morphological particularities, which
were formed by the bulk of many smaller spherical particles.
The sketches were produced to better highlight the particu-
larity of the given sample. The morphology of the spheres
and their corresponding agglomerates is based on structures
with different sizes and appearances. In Fig. 10a, a large
sheet containing a huge amount of very small spheres can
be observed. The spheres are in a range of approximately
1 μm. This structure can be found at the beginning of the
reaction after the formation of the first spheres. In Fig. 10b,
a middle-sized agglomerate of many fused spheres is illus-
trated, in which the former shape of the spherical subunits
is only marginally apparent. This type of agglomerate can
be found in the early stage of the reaction (between 20 and
60 min). Figure 10c displays an assembly of larger particles
surrounded by many small spheres. Figure 11d shows a rel-
atively huge agglomerate of merged spheres with approx.
10 μm diameter, which is covered by small spheres that
smashed into the large spheres. In Fig. 11e, a structure is dis-
played, which can be observed in many samples, especially
in the middle and the end of the reaction. In here many inter-
connected, uniformly sized spheres are present over a large
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Table 3 Reaction rate
constants (k) for different
reactions in the kinetic model
for the four different salts

k Reaction KCl KCl CaCl2 FeCl3
0.025 M 0.1 M 0.025 M 0.025 M

k1 Fructose → HMF 2.75E-01 1.32E-01 2.75E-01 –

k2 Fructose → Furfural + FA 1.34E-02 3.37E-02 1.73E-02 –

k3 Fructose → Glucose 0 0 1.10E-03 –

k4 Fructose → Residue 1.14E-01 3.36E-01 1.80E-01 –

k5 HMF → Hydrochar 2.67E-02 2.79E-02 3.63E-02 1.15E-01

k6 HMF → LA + FA 1.24E-02 1.67E-02 2.10E-02 1.32E-01

k7 HMF → Residue 1.00E-03 0 2.80E-03 1.35E-02

k8 Furfural → Hydrochar 2.22E-02 2.13E-02 1.74E-02 5.25E-02

k9 Glucose → Residue 4.59E-01 9.20E-03 7.22E-02 1.00E-03

k10 Residue → Hydrochar 7.00E-04 1.60E-03 3.30E-03 2.30E-03

Unit: min−1

Fig. 7 Y-axis (left): Yield in dependence of reaction time. Y-axis (right): Mean sphere diameter in dependence of reaction time. Model-lines for
the concentration-time plot are derived by the kinetic model. Mean-diameter points are connected by straight lines (without model)
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Fig. 8 Mean sphere diameter in
dependence of reaction time for
different electrolytes. w/o,
without salts. Data were taken
from Jung et al. [9]. The number
right to the last data point
represents the formation rate of
hydrochar from HMF (k5). The
rate constant (k5) for the variant
w/o has been calculated in the
cited article and has another
subscript in the corresponding
publication

Table 4 Recovery of salts in %
in process water with different
reaction time

Reaction time (min) KCl (0.025 M) KCl (0.1 M) CaCl2 (0.025 M) FeCl3 (0.025 M)

0 97 93 105 100

5 n.d n.d. 97 102

10 n.d. n.d. 98 n.d.

15 n.d. n.d. 97 101

20 100 98 98 n.d.

30 n.d. n.d. n.d. 95

60 n.d. n.d. 100 n.d.

90 n.d. n.d. 101 n.d.

120 99 101 97 102

180 n.d. n.d. 98 102

n.d., not determined

Fig. 9 SEM pictures of
hydrochar produced in a stirred
batch reactor. aWith CaCl2. b
without salt. c with CaCl2. d
with CaCl2
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Fig. 10 SEM pictures and
sketches of hydrochar at
different conditions. a KCl (0.01
M) t = 0 min. b CaCl2 (0.025
M) t = 40 min c CaCl2 (0.025
M) t = 0 min

window. This appearance is very typical for the morphology
as large areas are usually covered with this type. In contrast
to that, the structure in Fig. 11f appears mostly punctual and
displays the largest sort of particles, which were observed
in the sample set of this article. Those particles are super-
large compared to the others and only appear at the end of
the reaction. The particles exhibit no distinctive spherical
morphology.

4 Discussion

The characteristic morphology of the spheres has been
described in terms of quantitative and qualitative factors.
The most dominant observation is that the added salts highly
affect the growth of the particles, resulting in very big
particles compared to experiments without such additives,
this is in agreement with many previous studies [9, 28–33].
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Fig. 11 SEM pictures and
skteches of hydrochar at
different conditions.
d:KCl(0.025 M) t = 180 min.
e:KCl(0.01 M) t = 40 min.
f:CaCl2 (0.025 M) t = 120 min.

Although the system is very complex, with a variety of
factors that influence the growth of the particles, such as
time, temperature, concentration [19, 20] and additives, it
can be concluded from the literature that carbon spheres
produced without additives usually have a mean diameter in
a range between 100 nm and 2 µm [9, 19, 20, 22, 48, 49],
whereas the usage of additives, such as salts or acids, results
in larger particles that vary between 1 and 15 µm [9, 29, 30,
32–34].

As mentioned in the introduction, there is no clarity about
the growth mechanism of these particles under the influence
of salts. The major growth of the particles takes place at the
beginning of the reaction in the same time range where the

particles form. Between 20 and 180 min, the particles do not
remarkably increase in size and almost no differences can
be detected among the different additives. Therefore it can
be assumed that the average particle size of 6 to 9 µm is a
thermodynamic stable state and that the salts only affected
the growth rate. Similar results were observed by Li et al.,
where the mean particle size remained constant for longer
reaction times [37]. Also, the formation of the particles
is rather quick compared to the reaction time applied in
other studies, which varies between 6 and 48 h [12, 21,
28, 31, 32, 50–53]. However, the kinetics of hydrochar
formation follows an Arrhenius temperature dependency
[11]; therefore, longer reaction times are expected for lower
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temperatures (<200 ◦C). Additionally, under the most
commonly used saccharides, fructose converts remarkably
faster than glucose and sucrose [54].

However, a key question of this work is to work out if the
formation rate of hydrochar is correlated to the growth rate.
After the heating phase (t = 0 min) the differences between
the salts are most visible (Fig. 6). A large difference can
be found comparing both KCl trials, where a remarkable
difference in particle size can be observed, although the
formation rate is almost the same (2.7E-2 compared to 2.8E-
2 min−1). This can be a strong hint that the salt has an
impact on the growth rate but not on the reaction rate, thus
advocating for a growth mechanism that is not a result of
higher reaction rates. The differences in particle size can
be explained by the higher ionic strength of KCl at 0.1
M. At constant ionic strength, which is the case for CaCl2
and KCl (0.1 M) the difference in mean particle size at
t = 0 min is very low, and the formation rates differ
slightly. The effect of the ionic strength can be derived by
the DLVO theory, which predicts reduced repulsive forces
after a decrease in Debye length [55]. In other words, the
higher the ionic strength, the lower is the Debye length,
which in consequence accelerates the coagulation of the
particles.

Another interesting observation can be made by compar-
ing the results to neutral conditions. In a previous publica-
tion[9] almost identical experiments have been performed
without salts. The absence of salts resulted in remarkable
smaller particles, with a mean diameter between 1 and
2 µm (Fig. 8). Despite those differences in particle size
the reaction rate under neutral conditions (2.4E-2 min−1)
only slightly differs compared to the KCl (2.7E-2 and 2.8E-
2 min−1) experiments. Again it can be assumed that the
reaction rate has no impact on the growth rate.

The results obtained by FeCl3 are difficult to interpret.
Especially at the beginning of the reaction (t = 0 min)
the particles have already reached a high mean diameter
and have been formed with a higher reaction rate compared
to the other experiments. Those results at t = 0 min do
not deliver any strong argument in favor of one of the two
hypotheses.

The acceleration of the reactions (k5, k6) in FeCl3 can
be attributed due to its role as lewis acid, causing the
formation of a complex with water molecules. The complex
acts a cationic acid by splitting off a proton [56]. Conse-
quently, the pH value decreases, and typical Brønsted-acid
catalysis of the dehydration, polycondensation, and rehy-
dration reactions take place [10, 57]. At a certain proton
concentration, the rehydration of HMF to LA is faster than
the polycondensation to hydrochar [10]. As a result, the
final (t = 180 min) yield of hydrochar is lower compared to
the other experiments.

The recovery of the salts in the process water is almost
close to 100%, therefore it can be assumed that the salts are
not significantly incorporated into the particles, which has
also been observed in another study from Zhao et al. [31].

So far, the results do not indicate that salts are increasing
the particle size by catalyzing the hydrochar formation. The
reaction-controlled growth, which is often mentioned in this
context, probably only applies to the primary particles that
form during the polycondensation of HMF [7], but without
having an impact on the particles size. It is more likely
that the second hypothesis mentioned in the introduction
is true. This means that coagulation of the emulsion-like
droplets is a major driver for the growth of the particles.
This conclusion initiated the idea, that those particles must
be vulnerable to mechanical stress, such as is the case in
a stirred reactor. SEM pictures in Fig. 9 are in agreement
with that conception. Stirring the reactor partly destroyed
the spherical shape of the particles. One can therefore
regard these particles as droplets of an emulsion under
hydrothermal conditions. As soon as the droplets get in
contact with the stirring element they get smudged and form
oversized particles. Due to the very low viscosity of water
under hydrothermal conditions the theoretical power need is
very low at 2.9E-04W, therefore the agitator exhibits a force
of 1.2E-03 N if the systems consist of pure water. However,
the power supply was not monitored during the reaction,
therefore it cannot be said if and how the rheological
properties of the system changed when hydrochar was
formed. Intuitively, it has to be assumed that the hydrochar
particles, if they are not purely solid, are highly viscous
droplets similar to pitch. Therefore it is very likely that
the agitator force is by magnitudes higher than the value
calculated for pure water. To the best of our knowledge,
we found one comparable article. Su et al. also observed
disturbed spherical particles at 400 rpm [58]. Samples
at 0 and 200 rpm showed no difference in morphology.
They hypothesized that stirring the reactor at 400 rpm
disorganized a so-called self-assembly process, resulting in
disturbed particles. This effect does not count for the entire
bulk of hydrochar, as we could also observe spots with
normally shaped spherical particles in the stirred samples.

But also the qualitative analysis of the morphology is
in agreement with the concept of emulsion-like droplets.
Figure 11d shows a huge particle with little spheres smashed
on the surface, probably caused by Ostwald ripening (OR).
OR is defined as the growth of larger particles at the
expense of smaller ones [59]. Figure 11b shows a larger
particle which is formed by the fusion of many smaller
spheres, and Fig. 11e shows many little spheres in a state
of partial coagulation that forms a larger structure. All
these observations together contribute to the hypothesis
that these particles behave like droplets. However, one can
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also find arguments against that concept. Firstly, if the
particles are droplets, why does it look like that the
growth of the particles slows down after 20 min and the
sphere size remains rather constant until 180 min? Simple
ongoing coagulation, further increasing the size, obviously
did not take place. Why is it that so many footages of
the particles show them in a state of partial coagulation?
A simple liquid droplet seems to be too much simplified.
One possible explanation could be that the particles mature
with longer reaction time, by cross-linking reactions inside
of the particles, inducing some sort of solidification. It
is also possible that hydrochar has similar properties to
carbonaceous mesophase. The term defines a material,
whose state of matter is an intermediate between solid and
liquid [60, 61]. In this field of research, coalescence is
widely recognized as a growth mechanism [62–64]. The
models used to describe those systems can probably serve
as a good foundation or inspiration for better modeling of
the carbon spheres during HTC.

5 Conclusions

The present study has a focus on the growth and formation
mechanism of hydrochar, and its interactions. The use of a
kinetic model for the sake of measuring reaction rates is a
promising tool for the evaluation of this research questions.
Using this approach it could be worked out that the added
salts did remarkably alter the size of the particles, but did
not increase the formation rate significantly. This effect is
more obvious for KCl and CaCl2 than for FeCl3. In general,
the major growth of the particles took place at the beginning
of the reaction, in the same time range, where the formation
takes place. The results show that between 20 and 180 min
the particles reached a rather stable particle size with few
differences regarding the type of salt and the ionic strength.
Therefore it was concluded that the salts only increase the
growth rate but the final particle size was independent from
the salt, thus having a kinetic impact. Experiments with
a focus on ionic strength show that its impact is related
to the beginning of the reaction. Although the database is
very small, the results confirm that a constant ionic strength
leads to a rather similar particle size distribution and mean
diameter. The usage of an anchor-type stirrer induced
mechanical stress, which results in squashed particles and
huge agglomerates. In summary, the results support the
hypothesis that the growth of the particles takes place via
coalescence of droplets on the basis of the DLVO theory.
However, solidification of the particles in course of the
reaction is likely, therefore it can be assumed that the state of
matter is an intermediate between solid and liquid, probably

similar to mesophase pitch. Controlling particle size is an
important milestone for engineering purposes. The reaction
conditions in this work lead to a fast growth of particles with
salts. Setting a lower ionic strength in the reaction medium
(by a lower salt concentration (< 0.025 M)) could decrease
the growth rate and enable more control of the particle size.
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